Introduction
Chloroplasts represent one of a functionally and structurally diverse group of organelles, the plastids, that are the hallmarks of plant cells. Chloroplasts are the best known of the plastid types due to their central role in photosynthesis and their essential function in amino acid and lipid metabolism in the green tissues of plants. It is generally accepted that plastids originated when a nucleated cell engulfed a photosynthetic prokaryote similar to a modern cyanobacterium. The energy-generating systems of the prokaryote provided important benefits for the host cell, and the resident was retained and assimilated by the process of endosymbiosis. One of the major results of endosymbiosis was the transfer of the majority of endosymbiont genes to the nuclear genome of the host cell. Although the reason for this mass transfer of genetic material is debatable, a major consequence at the cellular level was the development of a compensatory protein-import system to target nuclearencoded chloroplast proteins back to the organelle. In modern vascular plants, it is estimated that 90% of chloroplast proteins are nuclear-encoded. These proteins are translated on free polysomes in the cytoplasm and are imported into the organelle after their synthesis is complete.
The chloroplast is a complex organelle with three membrane systems: a double membrane envelope that regulates communication between the organelle and the cytoplasm, and an internal thylakoid membrane that harbours the light-harvesting and electron-transport systems of photosynthesis. These three membranes enclose three soluble compartments. Targeting to each subcompartment is directed by targeting signals that are intrinsic to the primary structure of the nuclear-encoded protein [1] (Figure 1 ). Proteins that must cross more than one membrane en route to their final destination, such as thylakoid-membrane and luminal proteins, contain multiple targeting signals that are decoded in sequence as the protein is translocated across successive membranes.
The nature of the targeting signals that direct proteins across the envelope and to the thylakoid membrane have been defined, and a number of components of the translocation systems that operate at these membranes have been identified. Analysis of the structures of the targeting components suggest that these systems have been adapted from transport systems of the original endosymbiont that are comparable with those operating in modern prokaryotes. This chapter will summarize the characteristics of the envelope and thylakoid translocation pathways with a focus on the insights provided by comparisons with prokaryotic systems. Due to space limitations, only the most Outer membrane recent or directly relevant references will be cited. In many cases, these will be excellent reviews that provide a detailed analysis of the subject. The reader is asked to refer to these articles for additional references.
Translocation at the chloroplast envelope
Translocation across the envelope The majority of nuclear-encoded chloroplast proteins are synthesized in the cytoplasm as preproteins containing an N-terminal extension called a transit sequence (Figure 2 ). Transit sequences are found on all proteins destined for the internal compartments of the organelle, including inner-envelopemembrane, stromal and thylakoid proteins [1] . All transit sequences contain one common primary targeting signal, the stromal-targeting domain (STD), which mediates translocation across the double membrane of the envelope. The transit sequences of stromal proteins are the simplest in structure, consisting solely of an STD (Figure 2 ). Although the STDs of different preproteins are functionally interchangeable, their structures vary considerably. The length of these sequences ranges from 25 to 75 amino acids, and they share no apparent conservation in primary structure. However, STDs do possess several general characteristics, including a prevalence of hydroxylated amino acids, a deficiency in acidic amino acids and an overall basic charge. It appears that all preproteins that contain a transit sequence are initially translocated across the double membrane of the chloroplast envelope through common, general import machinery. Components of the general import machinery at the outer membrane are given the designation Toc (translocon at the outer-envelope membrane of chloroplasts), whereas the inner-membrane components are given the designation Tic (translocon at the inner-envelope membrane of chloroplasts) [2] (Figure 3a) . In this nomenclature, the acronyms are followed by the molecular mass of the protein in kDa. Table 1 presents a list of proteins that have been implicated in envelope translocation; this section will highlight only those for which there is considerable evidence for a direct involvement in import (see [1] for additional references).
Translocation at the outer membrane is an energy-dependent process, requiring both GTP and ATP hydrolysis at the chloroplast surface or within the intermembrane space [1] (Figure 3a) . A set of integral membrane proteins, the Toc complex, mediates preprotein recognition and translocation. Two Toc GTPases, Toc159 and Toc34, appear to regulate recognition and translocation at the outer membrane through cycles of GTP binding and/or hydrolysis [3] . Toc159 appears to be the major transit sequence receptor at the Toc complex, and the GTPase activity of Toc34 is required for insertion of preproteins across the outer membrane. A third component, Toc75, is a porin-like ion channel that forms an essential part of the outer-membrane protein conducting channel [4] . In addition to the translocon components, two molecular chaperones of the Hsp70 family, Hsp70-IAP and Com70, associate with preproteins at the early stages of translocation [1] . The Hsp70-IAP (Hsp70-import intermediate-associated protein) is tightly associated with the inner face of the outer membrane, whereas Com70 is peripherally bound to the outer face of the outer membrane. Chaperone binding is likely to stabilize preproteins as they insert across the membrane, and may aid in their vectorial transport through cycles of ATP hydrolysis. Upon inserting across the outer membrane, preproteins associate with Tic components at the inner-envelope membrane and translocation into the stroma proceeds at the expense of stromal ATP (Figure 3a ). Tic20 and Tic22 covalently cross-link to preproteins during envelope translocation and are proposed to participate directly in the translocation process [5] . A third integral innermembrane protein, Tic110, serves as a docking site for the stromal chaperones, Hsp93 (ClpC) and the GroEL homologue Cpn60 [6, 7] . The role of the chaperones is under investigation, but they are likely to participate in translocation and folding of newly imported proteins.
Translocation of preproteins across the outer-and inner-envelope membranes is simultaneous. Components of the Toc and Tic complexes associate directly to form functional contact sites that provide a direct path for preproteins from the cytoplasm to the stroma (Figure 3a) . It is likely that preprotein binding triggers association of the Toc and Tic components although a bound preprotein is not required for the association [6] . During or shortly after translocation, the transit sequence of stromal proteins is removed by a specific stromal processing protease to yield the mature proteins [8] .
Integration into the envelope membranes
Integral inner-envelope membrane proteins contain transit sequences that function as STDs to initiate translocation across the outer-and inner-envelope membranes ( Figure 2) . Integration into the inner membrane is directed by one or more transmembrane segments of the protein (Figure 2 ). Two models have been proposed for the mechanism of integration. The triose phosphate/phosphate translocator and a 37 kDa protein of unknown function are proposed to integrate into the membrane by a membrane stop-transfer mechanism [9] . In this model, the hydrophobic region of the transmembrane segment triggers lateral insertion of the proteins into the inner membrane prior to complete envelope translocation (Figure 3b ). The second model is based on the observation that chimaeric proteins containing the transmembrane segment of Tic110 and a soluble passenger protein integrate into the inner membrane via a soluble stromal intermediate [10] . These data suggest that Tic110 may fully translocate across the envelope and reinsert into the inner-envelope membrane from the stromal compartment (Figure 3b ).
Most outer-envelope membrane proteins appear to insert directly into the outer membrane by a pathway independent of transit sequences (for review see [1] ; Figure 3d ). These proteins are synthesized in the cytoplasm as mature polypeptides, and their insertion into the outer membrane is directed by sequences adjacent to and including their transmembrane anchors (Figure 2) . One outer-envelope membrane protein, Toc75, is an exception to this generalization. Toc75 contains a presequence that is essential for targeting to the outer membrane (Figure 2) . The N-terminal domain of the presequence functions as an STD when transferred to a passenger protein. However, the C-terminal domain of the presequence acts as a stop-transfer domain that prevents complete translocation into the stroma and triggers integration of Toc75 into the outer membrane [11] (Figure 3c ).
Translocation at the thylakoid membrane
Thylakoid luminal proteins Thylakoid luminal proteins possess bipartite transit sequences that contain two independent targeting signals [12] . The N-terminal domain of the transit sequence functions as a typical STD, whereas the C-terminal domain functions as a thylakoid luminal targeting domain (LTD; Figure 2 ). The STD is cleaved by the soluble chloroplast-processing enzyme after envelope translocation, generating a soluble stromal intermediate that retains the LTD. LTDs share the features of a short basic N-terminal region, a hydrophobic core of 12-18 amino acids and a polar C-terminal region. These three regions are analogous to the domain structures of bacterial signal peptides, indicating that the pathways for targeting of these proteins are homologous to protein-export pathways that operate across bacterial plasma membranes. For this reason, the LTDs often are referred to simply as signal peptides. In fact, LTDs are cleaved by a thylakoid luminal protease that closely resembles the periplasmic leader peptidase that cleaves bacterial signal peptides.
The LTDs of thylakoid luminal proteins can be subdivided into two distinct classes based on distinguishing structural features. The LTDs of preplastocyanin and preOE33 represent the first class. These LTDs most closely resemble signal peptides that direct translocation on the general export or Sec pathway in bacteria. The second class of LTDs is found within the transit sequences of luminal proteins such as preOE23 and preOE16. Although these LTDs contain a similar domain structure to signal peptides, they are distinguished by the presence of a twin arginine motif (RR) immediately adjacent to the N-terminal border of the hydrophobic core of the targeting signal [13] (Figure 2) .
The two classes of LTDs for thylakoid luminal preproteins correspond to two pathways for translocation with distinct components and energy requirements (Figure 4) . Preproteins containing LTDs that most closely resemble classical signal peptides (e.g. preplastocyanin and preOE33) strictly require ATP for translocation (see [12] for review). At least two chloroplast proteins have been identified that participate in translocation, cpSecA [14] and cpSecY [15] (Table 2) . These proteins are homologous to the SecA and SecY components of the Sec machinery that participate in the general protein-export pathway in prokaryotes. As a result, this pathway is designated the cpSec pathway (Figure 4a ). In bacteria, SecA serves as a soluble signal-sequence receptor that delivers preproteins to a membrane-bound translocation system, the SecYEG complex.
The second pathway for luminal targeting is designated the ⌬pH pathway due to the requirement of a transthylakoidal pH gradient for translocation (for a summary see [12] ; Figure 4b ). This pathway is selective for preproteins containing a twin arginine motif within their LTDs (Figure 2) . One other distinguishing feature of this pathway is its ability to translocate proteins that are partially or fully folded while maintaining the critical transmembrane potential of the thylakoid membrane [16] . This is a unique feature of the pathway because membrane translocation generally requires an unfolded substrate. The gene for one component of the ⌬pH pathway, hcf106, has recently been identified as a maize mutant defective in thylakoid biogenesis [17] . The Hcf106 protein is an integral thylakoid membrane protein with a single transmembrane domain (Table 2) . A number of genes encoding proteins with similarity to Hcf106 have been identified in prokaryotes. At least one of the bacterial genes has been implicated in the export of redox proteins with signal peptides containing twin arginine motifs similar to the thylakoid proteins [16] . Remarkably, the redox proteins fold and bind their cofactors prior to export across the plasma membrane. Consequently, it appears that the thylakoidal ⌬pH pathway was adapted from a pre-existing pathway distinct from the general Sec pathway.
Thylakoidal membrane proteins
Two types of signal also exist to target nuclear-encoded integral membrane proteins to the thylakoid membrane. The first type of signal is represented by the precursor to the light-harvesting chlorophyll a/b-binding protein (preLHCP). In contrast to other thylakoid proteins, the transit sequence of preLHCP consists only of an STD with no additional information for thylakoid targeting. Targeting to the thylakoid membrane is contained within the mature portion of the polypeptide and is localized to one of its three transmembrane domains (Figure 2 ). Targeting to the membrane requires GTP and involves a transit complex that forms in the stroma after the transit sequence of LHCP has been cleaved [18] (Figure 4c ). Two components of the transit complex have been identified. One protein, cpSRP54 (Table 2) , is related to the 54 kDa GTP-binding subunit of the mammalian signalrecognition-particle (SRP) complex and its bacterial counterpart, Ffh. The mammalian SRP and bacterial Ffh direct co-translational targeting of nascent polypeptide-ribosome complexes to the endoplasmic reticulum and bacterial plasma membrane, respectively. The second protein of the targeting complex, cpSRP43 (Table 2) , is a unique polypeptide with no homology with any known protein. cpSRP54 and cpSRP43 bind to transmembrane regions of LHCP as a complex and target the protein to the membrane with the aid of an additional unidentified stromal factor and GTP. The bacterial Ffh targeting complex binds to a cognate receptor, FtsY, and delivers the preprotein to the SecYEG complex for translocation across the plasma membrane. A chloroplast homologue of FtsY exists, but it remains to be shown whether it functions in co-operation with cpSRP or whether LHCP integration involves the Sec machinery.
The second type of membrane-targeting signal involves proteins that are synthesized with bipartite transit sequences (e.g. the Cf o II subunit and photosystem II subunits W and X). The overall structure of the transit sequences are similar to the bipartite structure of luminal proteins, with an N-terminal STD followed in tandem with a signal-peptide-like thylakoid-targeting signal. However, the thylakoid-targeting domain does not function as a signal sequence, and therefore represents a unique integration signal. The targeting mechanism of this class of proteins is unusual in that integration does not require proteinaceous factors or an obvious energy source [1] . As a result, this pathway has been termed the 'spontaneous pathway' (Figure 4d) . The mechanism of spontaneous integration appears to rely on direct interactions of the hydrophobic integration signal with the lipid bilayer. In this respect, it resembles the integration of the M13 coat protein into the Escherichia coli plasma membrane, and targeting of a number of integral proteins to the outer membranes of chloroplasts and mitochondria.
Perspectives
The picture that emerges from investigations into protein import into chloroplasts is of a set of independent targeting pathways that act in series to direct nuclear-encoded proteins to the proper chloroplast subcompartment. Elements of the translocation systems at both the envelope and thylakoid membranes appear to have been adapted from pre-existing secretion systems present in the original prokaryotic endosymbiont. Each of the systems has evolved to varying degrees depending on the requirements of endosymbiosis.
The cpSec system appears to be remarkably similar to the prokaryotic Sec apparatus. This is not surprising because the topological constraints that govern the translocation of stromal intermediates of luminal proteins (e.g. plastocyanin) are comparable with those for bacterial proteins that follow the general export pathway. The ⌬pH pathway appears to have been adapted to translocate proteins that partially or completely fold in the stroma prior to translocation into the thylakoid. These systems present a challenge to the conventional view of translocation in which an unfolded polypeptide is transported linearly as a polyion through a channel that acts much like a regulated ion channel. The ability of the ⌬pH pathway to transport folded substrates indicates a remarkable ability of the protein-conducting component to expand and accommodate the diameter of a folded polypeptide while maintaining a tight seal at the membrane. Furthermore, there is no clear precedent for the electrochemical gradient as the sole energy source for translocation. How the pH gradient is coupled to transport remains an intriguing question.
The cpSRP54-43 system appears to have undergone extensive adaptation from the original endosymbiont. The cpSRP54 has lost the 7 S RNA component that is essential for the function of Ffh and the cytoplasmic SRP, but it has gained an additional protein subunit, cpSRP43, which is unique to the thylakoid system. These changes have been attributed to the fact that the cytoplasmic and bacterial SRPs function co-translationally, whereas LHCP targeting to the thylakoid is strictly post-translational. Remarkably, cpSRP54, but not cpSRP43, recently has been shown to participate in co-translational targeting of plastid-encoded thylakoid proteins [19] . Thus cpSRP54 may have retained a function similar to Ffh, but has been adapted to function in the LHCP targeting pathway by the addition of a unique 43 kDa subunit.
Perhaps the most dramatic evolutionary adaptation has occurred at the envelope translocation machinery. A protein-import system is not known to function in Gram-negative bacteria. As a result, the chloroplast-envelope translocation machinery would have had to evolve de novo or be adapted from a system with a distantly related function. The discovery of cyanobacterial homologues of Toc75, Tic22 and Tic20 suggests that the latter of the two possibilities is the most likely [20] . This raises the possibility that a cyanobacterial export system might have evolved to form a protein-conducting channel that operates in the opposite direction in chloroplasts. Homologues of Toc159 and Toc34 are not present in prokaryotes or other systems, suggesting that these components evolved from the nuclear genome to provide a system of preprotein recognition and control vectorial translocation.
Addressing the remaining issues in chloroplast import should be greatly facilitated by the existence of related bacterial systems. The prokaryotic systems provide the opportunity for comparative studies, and the ability to do genetic complementation studies to investigate the divergence of the systems over evolution. These approaches will complement and extend the elegant biochemical and genetic studies in plants that have laid the groundwork for our understanding of the chloroplast import process. 
Summary

